Robust indices of regional and global cardiac function are a key factor in detection and treatment of heart disease as well as understanding of the fundamental mechanisms of a healthy heart. Myocardial elastography provides a noninvasive method for imaging and measuring displacement and strain of the myocardium for the early detection of cardiovascular disease. However, two-dimensional in-plane axial and lateral strains measured depend on the sonographic view used. This becomes especially critical in a clinical setting and may induce large variations in the measured strains, potentially leading to false diagnoses. A novel method in myocardial elastography is proposed for eliminating this view dependence by deriving the polar, principal and classified principal strains. The performance of the proposed methodology is assessed by employing 3D finite-element left-ventricular models of a control and an ischemic canine heart. Although polar strains are angleindependent, they are sensitive to the selected reference coordinate system, which requires the definition of a centroid of the left ventricle (LV). In contrast, principal strains derived through eigenvalue decomposition exhibit the inherent characteristic of coordinate system independence, offering view (i.e., angle and centroid)-independent strain measurements. Classified principal strains are obtained by assigning the principal components in the physical ventricular coordinate system. An extensive strain analysis illustrates the improvement in interpretation and visualization of the full-field myocardial deformation by using the classified principal strains, clearly depicting the ischemic and nonischemic regions. Strain maps, independent of sonographic views and imaging planes, that can be used to accurately detect regional contractile dysfunction are demonstrated.
Introduction
Echocardiography is currently the most widely used imaging method to assess the shape, size and function of the heart. Its real-time imaging, ease of use, portability and relatively low cost make echocardiography clinician friendly. The analysis of left-ventricular (LV) motion and contractility with echocardiography provides an effective way to evaluate the degree of cardiac diseases such as ischemia and infarction (Feigenbaum et al 2005) . In current clinical practice, this analysis is performed through visual inspection and evaluation by cardiologists, who have been rigorously trained to detect abnormal motion. To evaluate regional wall motion, the LV myocardial wall is divided into 6 to 16 anatomical segments and the motion of each segment is assigned a numerical score, typically 1 to 4, by the cardiologist where higher scores represent progressively greater degrees of ventricular dysfunction (Feigenbaum et al 2005) . These qualitative assessments can thus be subjective and are potentially affected by significant inter-and intra-operator variability. Therefore, there exists a need for a quantitative method to assess regional wall motion and contractility to obtain more objective diagnoses.
Doppler-based techniques, such as tissue velocity imaging (TVI) and strain rate imaging (SRI), have been developed utilizing auto-correlation to track the phase shift caused by the motion of the heart (Heimdal et al 1998) . However, these myocardial imaging techniques utilize M-mode acquisition of velocity data sets and typically estimate the component along the axial direction, which is defined as the direction parallel to the beam propagation (D'hooge et al 2000) .
Myocardial elastography, a method that utilizes time-domain ultrasound-based techniques to calculate local tissue strains, has been proposed as a new method of cardiac strain estimation (Konofagou et al 2000 . The principles of elastography were developed for the detection of stiffer masses, such as tumors, within healthy tissues, e.g., the breast and prostate (Cespedes et al 1993, Konofagou and Ophir 1998) . Based on the idea of palpation, elastography has been successful using uniform and externally applied compressions along the direction of the ultrasound beam (Ophir et al 1991) . In the case of myocardial elastography, no external compression is applied. Here, the muscle is naturally deformed, with subsequent myocardial wall thickening and thinning, as it pumps blood throughout the body. For the most part, strains reported in elastography are parallel in the axial direction and are commonly called axial strains. However, unlike previous uses of elastographic techniques, the principal direction of cardiac muscle deformation is no longer the axial direction. MRI-tagging studies in the canine (Azhari et al 1993) and human (Cupps et al 2005) heart demonstrated the complex multidimensional deformation field in the LV, and provided full three-dimensional characterization of the myocardial strains; enabling thus the calculation of principal strains and directions. Waldman et al (1985) measured the three-dimensional principal strains in the canine LV after implanting sonomicrometers in the myocardial wall and demonstrated that the principal directions change for different regions of the muscle and in different phases of the cardiac cycle. Therefore, imaging techniques measuring a single component along the beam propagation fail to describe and evaluate the complex myocardial motion and deformation. D'hooge et al (2002) , Langeland et al (2004) and Lee et al (2007) proposed new techniques in myocardial elastography to estimate simultaneously both the axial and lateral (perpendicular to the beam propagation direction) displacements and strains, providing, contrary to unidirectional elastography, full characterization of the 2D strain tensor, enabling imaging of both normal and shear strain components.
Fung- Kee-Fung et al (2005) demonstrated that assessment of the regional cardiac mechanics based on axial and lateral strains was limited because of the inherent dependence of axial and lateral displacements and strains on the orientation of the ultrasound transducer relative to the myocardium. This orientation affected the measured strain magnitude and was governed by the sonication angle, which is the angle between the centerline of the ultrasound beam and the myocardium. Figures 1(a) -(f) illustrate this dependence of the axial, lateral normal and axial-lateral shear strains on the sonication angle, where the transducer is rotated 90
• counter-clockwise (moving from the anterior side to the lateral side), while the myocardium is fixed. As observed in this figure, the maps of the measured strains are reversed with the 90
• transducer rotation, resulting in angle-dependence artifacts. For example, the axial strain in the posterior wall of the myocardium has a positive sign (denoting tension) for the 0
• rotation ( figure 1(b) ), while for the 90
• rotation (figure 1(e)) the axial strain becomes negative, denoting compression for the same wall region. In a clinical setting, the sonication angle is usually unknown and may vary during ultrasound scanning of multiple cardiac cycles, resulting in a significant strain variation while imaging the same subject. These variations in axial and lateral strain measurements might make it more difficult to detect and diagnose regional myocardial dysfunction. Langeland et al (2005) proposed a method applied in SRI to estimate the velocity vector in the myocardium by utilizing 2D tracking of the radiofrequency image patterns, rather than measuring only the velocity component along the beam direction usually reported by Doppler techniques. From these angle-independent velocity vectors, the longitudinal and circumferential strain rate and strain were calculated and were found to be in good agreement with values measured using sonomicrometry. The reported angle-independent results by Langeland et al (2005) showed only averaged normal strain measures in specific regions and did not account for the spatial heterogeneity of the complex strain field within the myocardium. Therefore, we hereby propose a view-independent strain mapping technique, free of operator-induced variations, for imaging the full-field myocardial deformation and clearly identifying regional contractile dysfunction. Myocardial strains obtained using implanted sonomicrometers in the LV wall and MRI-tagging yield accurate strain measurements and are considered as the 'gold standard' for assessing the performance of ultrasound-based strain measurement. A possible method to eliminate the inherent angle dependence of the axial and lateral strains is to transform those strains to a radial and circumferential (polar) coordinate system, independent of the sonication angle. This approach requires the selection of a coordinate system origin, known as a centroid, which may be calculated by a number of different methods based on endocardial or epicardial contours (Pearlman et al 1990) . A potential shortcoming of this method is the inherent dependence of the measured polar strains on the selected reference system yielding different strain maps for different centroid locations.
Based on the principles of continuum mechanics, principal strains, which have the intrinsic characteristic of coordinate-system independence, are derived by solving the eigenvalue problem in the case of the symmetric Lagrangian finite-strain tensor. As discussed previously, principal strains have been used in MRI-tagging studies providing the full 3D strains and visualizing the complex deformation of the myocardium (Azhari et al 1993) . Furthermore, assessment of cardiac mechanical function based on the principal strains offers the advantage of representing the complex material deformation state by using only normal strain components, which include the maximum and minimum eigenvalues (normal strains) and their directions regardless of the coordinate system selected. This makes them a very useful, unbiased measure regardless of the selected reference frame chosen for calculation or visualization. In a previous study of our group, Fung-Kee-Fung et al (2005) proposed a new method for obtaining angleindependent strain measures in myocardial elastography by calculating the polar strains and obtaining principal strains by eigenvalue decomposition.
In this paper, we demonstrate how axial and lateral strains can have greatly different values in neighboring myocardial regions with a change in the transducer orientation relative to the heart, i.e., varying the sonication angle or vice versa. A first method to tackle this shortcoming is to transform the axial and lateral strains to imaging-system-independent coordinates such as the radial and circumferential coordinates. Another method for eliminating this dependence is to derive the principal strains and subsequently classify them with respect to the polar directions, yielding the classified principal strains. A centroid sensitivity analysis is performed by examining its effect on the classified principal strains and the variation of the polar strain magnitude with the selection of the coordinate system origin based on 2D (single imaging plane) and 3D (full cardiac geometry) information. To eliminate the centroid dependence, we re-examine the angle-independent method introduced by Fung- Kee-Fung et al (2005) and demonstrate that the principal strains in myocardial elastography can be utilized for a robust assessment of regional myocardial systolic and diastolic function independent of transducer position, sonication angle and centroid selection. Finally, the performance of this method is assessed by a comprehensive strain analysis using normal and ischemic myocardium models, revealing distinct features of regional strain distribution as observed in experimental studies and demonstrating the utility of the classified principal strains as robust indicators of regional myocardial dysfunction.
Methods

Finite-element analysis (FEA) model
Three-dimensional finite-element analysis (FEA) models of a normal (control; figure 1(g)) and an ischemic (LCx; figure 1(i)) canine left ventricle were employed in this study to demonstrate the performance of the proposed angle-independent strain estimation technique in myocardial elastography. The computational models of a canine heart have been validated against experimental findings. They provide thus an efficient and accurate description of the complex ventricular geometry and mechanics in both normal and pathologic cases (Mazhari et al 1998 (Mazhari et al , 2000 . FEA models were originally implemented in Continuity 5.5 and developed by the group headed by Professor Andrew McCulloch at the University of California, San Diego (http://cmrg.ucsd.edu). Initial FEA models of the LV consisted of 24 elements and 48 nodes in Cartesian coordinates, while a two-dimensional plane was selected to simulate the parasternal short axis (SA) ultrasonic imaging plane, in which the cardiac motion and deformation were estimated (figures 1(h) and (j)). A total of 840 material points (21 in the radial and 40 in the circumferential directions) were used in the model SA slice to obtain a dense displacement field through bicubic interpolation in the (x, y) directions, also known as lateral and axial directions. This FEA-model-generated displacement field was used to assess the proposed angle-independent method prior to application in a clinical setting. The deformation field for the ischemic model was derived from the FEA control model by introducing a step transition in regional myofilament activation potential in the ischemic area (Mazhari et al 1998) . This area was located on the posterior-lateral region of the myocardium (figures 1(i) and (j)) and ischemia was induced through occlusion of the left circumflex artery (LCx).
Myocardial strain and strain tensor definitions
Using the method developed by Lee and Konofagou (2006) for 3D cardiac motion estimation, three-dimensional displacement maps, as opposed to standard elastographic techniques providing only the axial displacements, can be obtained for both the control and ischemic canine models. These maps describe the motion of the myocardium in the lateral (x), axial (y) and elevational (z) directions. If e x , e y and e z are defined as unit vectors in these orthogonal directions the displacement components (u x , u y and u z , respectively) can be combined to completely describe the motion vector, u, as follows: u = u x e x + u y e y + u z e z .
(1) The procedure to extract strains for a 3D problem from the displacement maps is as follows: differentiating equation (1) with respect to the x, y, z axes yields G, the displacement gradient tensor becomes 
The relationship between the displacement gradient G and the deformation gradient F is given by (Lai et al 1996) 
where I is the identity matrix. Due to the fact that the heart exhibits a complex 3D motion, consisting of a combination of translation, rotation and deformation, the deformation gradient F may contain rigid body contributions, e.g., translation of the myocardial wall. The Lagrangian (or St. Venant or Green) strain tensor E, which is independent of rigid body motion and extracts strain occurring due to pure deformation, can be defined in terms of the deformation gradient F as (Humphrey 2002) :
where the superscript T denotes the matrix transpose operation. By substituting equation (3) into equation (4), the symmetric Lagrangian finite-strain tensor E can be defined in terms of the displacement gradient G:
Conventionally, for visualization and analysis purposes, an orthogonal coordinate system is used, such as the one based on the ultrasound imaging system, i.e., with axial, lateral and elevational directions. However, many myocardial deformation studies use the physical ventricular coordinates (radial, circumferential and longitudinal directions) for strain analysis purposes (Waldman et al 1985 , Young et al 1994 . In the present analysis, the myocardial strains are derived from applying the Lagrangian finite-strain tensor to the cumulative systolic displacements (end-diastole (ED) to end-systole (ES)) and are mapped onto the ED geometry. The magnitude of these strains is on the order of 20-30% so that a finite-strain tensor (equation (5)) is necessary to account for these significant deformation values.
Principal strains and polar coordinate transformation
The solution of the eigenvalue problem obtained through eigenvalue decomposition for a given myocardial strain field yields the principal axes (eigenvectors) and the principal strains (eigenvalues ε 1 , ε 2 and ε 3 ). The principal strain tensor (equation (6)) includes only diagonal components, which are normal strains and always represent the greatest tensile and compressive components (Lai et al 1996) :
where p denotes principal.
Polar strains can be derived from the axial and lateral ones by transforming the ultrasound imaging coordinate system to polar coordinates:
where
In equation (7), the superscripts rθ and xy are used to denote the strain tensor based on the polar (r, θ ) and Cartesian (x, y) coordinate system, respectively. M is the transformation (rotation) matrix about a selected centroid and M T is the transpose of that matrix. In clinical practice, the displacement in the third direction (u z ) cannot be estimated with 2D imaging, which is typically used in vivo. Therefore, in the present study, we concentrate our analysis on the parasternal short-axis view, relevant to the clinical setting, and ignore motion in the third direction (u z = 0). For the 2D analysis performed here the strain tensor in equation (5) is defined with respect to x and y directions, i.e. the lateral and axial directions of the ultrasound imaging coordinate system (figures 1(h) and ( j)). The Lagrangian strain tensor includes four components, which reduce to two normal (axial and lateral) and one shear strain (axial-lateral) component due to symmetry reasons. Similarly, the principal strain tensor will include two principal strain values (ε 1 and ε 2 ). Although not presented here, a comparison of the 2D finite-strain tensor with the full 3D tensor calculated by the FEA software for the assessment of the accuracy of our in-plane deformation analysis applied to the complex full three-dimensional deformation of a heart, showed very good agreement (error < 5%).
Finally, the transformation from Cartesian to polar coordinates requires the selection of an appropriate centroid as the origin of the radial/circumferential coordinate system and is a major issue in two-dimensional echocardiographic imaging. Pearlman et al (1990) suggested six different methods for calculating such a centroid for a SA imaging view and concluded that the centroid calculation based on the center of the endocardial cross-section gives the most reliable and reproducible results. In the strain analysis performed here, the centroid was defined as the intersection point of the central axis (defined in the LV model as a line through the apex and through the center of the mitral valve) with the SA imaging plane (Herz et al 2005) . This approach utilizes full 3D anatomical information from the FEA model leading to a robust centroid definition. In contrast, centroids defined on the basis of 2D echocardiography incorporate data only from single imaging planes (SA view) and are prone to observer variability, thus affecting the measured polar strains. Hence, for the centroid sensitivity analysis presented in section 3.3 the centroid is defined on the basis of 3D anatomical relevant data. This centroid is considered as the 'gold standard' and will be referred to as the 'actual centroid', which is used for the transformation of the Cartesian into the polar strains presented in this paper.
Principal strain classification
Based on the principles discussed in the previous sections, figure 2(a) presents a flow chart of the proposed method for obtaining and visualizing the angle-independent polar and/or classified principal strains. This is illustrated as a three-step process:
(1) computing the strain field in the ultrasound imaging coordinate system; (2) calculating and classifying the principal strain tensor and/or the polar strains; and The strain tensor eigenvalue problem was solved using MATLAB (version 7.0, Mathworks, Natick, MA), and the computed eigenvalues were sorted according to their magnitude, with the first principal strain ε 1 having the minimum (lowest negative) value and the second ε 2 having the maximum (highest positive) value. Complete and efficient visualization of the principal strain tensor obtained through equation (6) requires plotting not only the principal strain values, but also the eigenvectors which denote the directions of the minimum (figure 2(c)) and maximum (( figure 2(d) ) principal deformations. After the derivation of the principal strain tensor, a further step is taken to classify the angle-and centroid-independent principal strain tensor in the physical ventricular coordinates (radial and circumferential). Through this step, the strain maps of the minimum (figure 2(c)) and maximum (figure 2(d)) principal strains are transformed to the classified principal strain maps in the radial (figure 2(e)) and circumferential ( figure 2(f) ) directions. For the principal strain classification procedure ( figure 2(b) ), a centroid is selected and a polar coordinate system is defined about the centroid. For every point, if the angle (φ R ) between the first eigenvector and the radial direction is smaller than a threshold value of α, then ε 1 is tagged as classified principal strain in the radial direction and ε 2 as classified principal strain in the circumferential direction ( figure 2(b) ). Similarly, in the case that φ R is greater than α, the classification is reversed with the first principal component classified as circumferential and the second as radial. The threshold value of α was set to 45
• , equal to half of the angle between the orthogonal eigenvectors, allowing for an equal classification-window size in the radial and circumferential directions. Although, the selection of a different threshold value yields different classification results and may switch the assignment of the principal components from classified radial to classified circumferential directions or vice versa, their magnitude and direction (derived through eigenvalue decomposition) are threshold independent. To address this, a sensitivity analysis demonstrated that the proposed value of 45
• results in the most efficient visualization, while for the range of α = 45
• ± 20
• the only affected region was the border zone, in a similar way as shown in the centroid-sensitivity analysis (see section 3.3).
In a previous study by our group, Fung-Kee-Fung et al (2005) classified the principal strains by comparing their magnitude with that of the polar strains, obtained by transforming the Cartesian strains using the 'actual centroid'. However, in the present paper, the classification method is based on the eigenvectors of the principal strain tensor and their alignment with the polar coordinate system defined using the 'actual centroid'. By classifying the principal strain tensor eigenvalues according to their eigenvectors, the transformed strain maps (figures 2(e) and (f)) offer an efficient representation of the minimum and maximum myocardial deformation resorted in the physical ventricular coordinates. It should be noted, however, that this classification requires the selection of a centroid for defining the ventricular coordinates and calculating the angle (φ R ). To illustrate the sensitivity of the classified principal strains to the centroid selection, a centroid sensitivity analysis is performed in section 3.3.
Results
The images shown here represent the cumulative myocardial strains occurring from the end-diastolic to the end-systolic phase, derived from the finite strain Lagrangian tensor (equation (5)) and mapped on the myocardial geometry at ED. The Lagrangian strain tensor is applied to the 2D displacement field at the parasternal SA view of the control and ischemic LV FEA models, which include the cumulative 2D displacements from ED to ES mapped at the end-systolic geometry. Figure 3 shows the angle-independent polar and classified principal strains for the control LV FEA model after calculating and visualizing the strain tensors according to the flow chart in figure 2 located at the anterior wall, while figures 3(i) and (j) show the classified principal strains for a 90
• transducer rotation. In the case of the ischemic canine LV model the polar and classified principal strains were also found to be independent of the sonication angle.
Control case
Both lateral (figure 4(a)) and axial (figure 4(b)) normal strains have similarities in their strain patterns within a range of −30 to 30%. More specifically, the axial strain has positive % S a n n % S a n n % (a) (b) (c) values (stretching) along the axial direction and negative values (shortening) along the lateral direction. Similarly, this trend is reversed for the lateral strain exhibiting stretching along the lateral axis and shortening along the axial direction. The axial-lateral shear strain (figure 4(c)) lies within the same range as the normal strains. A better visualization and comprehension of the strain field for the control case can be achieved by plotting its classified principal values and directions. More specifically, the classified principal component in the radial direction (figure 3(g)) has positive values ranging from 5% to 30% denoting wall thickening. In contrast, the classified principal component in the circumferential direction (figure 3(h)) has negative values in the range of −20 to 0% denoting shortening. Finally, the strain distribution in the control LV model exhibits endocardial strains which are consistently greater than the epicardial values in the Cartesian coordinates and the principal directions.
Ischemic case
show the distribution of the lateral, axial normal strain and the axiallateral shear strain in the ischemic LV model. Although a comparison of the Cartesian normal and shear strains between the control and the ischemic models clearly demonstrates significant differences in the strain distribution, the interpretation of those strain maps is not straightforward. As discussed in section 2.4, a better understanding of the deformation in the myocardium can be achieved by examining the classified principal strains. The non-ischemic region exhibits positive classified principal strains (figure 2(e)) in the range of 5-30% along the radial direction, which indicate wall thickening and thus its normal contractile function during systole. On the other hand, the ischemic region, located between 3 and 6 o'clock, exhibits negative classified principal systolic strains (figure 2(f)) in the range of −20 to 0% denoting wall thinning. We will refer to the regions located at around (1 to 2) and (7 to 8) o'clock as the 'border zones' ( figure 1(j) ), where the strain distribution transits from wall thickening in the non-ischemic region to wall thinning in the ischemic region. The mechanical interaction between non-ischemic and ischemic cardiac muscle at the border zones results in a significantly different deformation and strain distribution of the ischemic model when compared to the control model. Another important observation in the ischemic case is the loss of the transmural strain gradient in the ischemic region.
Centroid sensitivity analysis
Calculation of the angle-independent polar and classified principal strains requires the definition of a polar coordinate reference system with its origin located at a centroid. In order to investigate the effect of the centroid selection in the polar strains, normal and shear strains were computed for two different centroids: the actual centroid (section 2.3) incorporating full 3D LV geometry information and a 2D centroid defined as the myocardial area average of the parasternal SA imaging plane. Figures 5(a) -(g) show the polar normal and shear strains in the ischemic case for the actual centroid, while figures 5(b)-(h) show the strains for the 2D centroid. Comparison of the normal strain distributions of the two different centroids does not reveal significant differences, whereas a clearly different distribution for the polar shear strains is observed. However, a detailed examination of the regional distribution of the strain magnitude difference of the two centroids lying at a distance of 8.4 mm shown in figures 5(c)-(i) demonstrates that the discrepancy in strain magnitude can be as high as 10% strain, a value equal to the normal circumferential or the radial-circumferential shear strain. The sensitivity of the classified principal strains was examined in the same way as for the polar strains, by deriving and classifying the principal strains for the two different centroids (2D and actual) . Although the derivation of the principal strains does not depend on the centroid selection, their classification is partially affected. Figures 6(a) and (d) show the classified principal strains in the radial and circumferential directions for the actual centroid, while figures 6(b) and (e) show the classified principal strains for the 2D centroid. A careful examination of the difference in the classified principal strain magnitude presented in figures 6(c) and (f) demonstrates that the classified principal strains are only sensitive to the centroid selection at the border zone. The discrepancy between those sets (figures 6(c) and (f)) is due to the fact that the classification of some principal components has been switched from radial to circumferential or vice versa in the border zone. This is explained by the misalignment between the principal eigenvectors and the radial and circumferential directions at the border zone. More specifically, a change in the centroid location would affect the polar directions, and this would result in a different angle between polar directions and eigenvectors; altering, thus, the principal strain classification. However, observation of two figure sets: 6(a), (d) and 6(b), (e) demonstrates that both image pairs include the same essential information (principal strain magnitude and direction) to characterize and visualize myocardial deformation.
A more extensive analysis is carried out to investigate the discrepancy in the strain magnitude by strategically varying the centroid position in both the control and ischemic models. The centroid location is moved from its actual origin to approximated positions lying at a maximum distance of 7 mm. Subsequently the root-mean-square (RMS) values resulting from the difference in the strain magnitude, between the actual and the approximated centroids, are calculated over the whole myocardial region. The location of those approximated centroids is selected on the basis of an orthogonal grid with its origin located on the actual centroid. Those are placed on the top, bottom, left and right side of the actual centroid, as it can be seen in figures 6(g) and (h). The maximum distance of 7 mm is selected to account for variations in the centroid location arising from centroid definition with different methods (section 2.3), at different sonographic views and phases of the cardiac cycle.
The calculations are carried out for the polar, the classified principal strains and the principal strains. The former two are influenced by the centroid location, while as anticipated the latter remained unaffected. The agreement between the radial strains estimated using the actual and those estimated using the approximated centroids decreased with the distance between two centroids, for both the control (figure 6(g)) and ischemic (figure 6(h)) cases. However, as the results in figures 6(g) and (h) demonstrate, this RMS value is not only dependent on the distance between the two centroids, but also on their orientation. This implies that a placement of the centroid 7 mm to the right of the true centroid would yield a different RMS when placed to the left, top or below. Normal circumferential and radialcircumferential shear strains demonstrate a similar centroid dependence as the RMS error plots of the radial strains as shown in figures 6(g) and (h). In contrast, since no centroid is required for the derivation of principal components and eigenvectors, the RMS error for the principal strains is equal to zero. It should be noted, however, that the RMS error for the classified principal strain values is calculated by filtering the border zone, where as shown in figures 6(c) and (f), a discrepancy in the strain magnitude between the two centroids is expected. This discrepancy is significantly lower than the one for the polar strains (compare figures 5 and 6) and the filtering was performed due to the fact that the principal strain magnitude and eigenvectors remain unaffected by the centroid selection. Therefore, the RMS error of the classified principal strains can be considered equal to zero (figures 6(g) and (h)).
Discussion
For the purposes of clinical diagnosis, treatment strategy selection and understanding of pathological mechanisms involved in heart disease, an accurate and robust imaging technique is required to reliably detect myocardial dysfunction. Early elastography studies considered only a single component of the displacement and/or strain along the beam direction, which is insufficient to characterize and evaluate the complex 3D cardiac motion and deformation. New techniques have been introduced to estimate two-dimensional fields , Langeland et al 2004 , Fung-Kee-Fung et al 2005 for calculating in-plane axial and lateral normal and shear strains. Recently, Lopata et al (2006) and Lee and Konofagou (2006) estimated the quasi-three-dimensional strain distribution in the myocardium by simultaneously measuring two in-plane displacement components and combining orthogonal 2D views to reconstruct a quasi-three-dimensional field. Full 3D displacement and strain field, including all three components, can be obtained by using 3D speckle-tracking algorithms (Chen et al 2005) . These techniques allow for the complex cardiac motion and deformation to be measured while imaging the full Lagrangian finite-strain tensor. However, two-dimensional, in-plane axial and lateral strains measured by ultrasound-based techniques show an inherent dependence on the sonication angle with subsequent limitations and angle-dependence artifacts as shown in figure 1 (Fung-Kee-Fung et al 2005 , Luo et al 2007 . In this study, an angle-independent strain calculation method originally proposed by Fung-Kee-Fung et al (2005) has been extended to overcome the angle-and centroiddependence limitations. To achieve this goal, two strain measures were derived and examined: (a) the polar strains and (b) the classified principal strains. An example of a SA parasternal view commonly found in clinical practice was used to demonstrate the utility of the technique proposed. Both angle-independent strain estimation methods, i.e., the polar and classified principal strains, presented in the current study required the selection of a centroid. However, both methods have a different degree of dependence. The direct calculation of radial and circumferential strains requires a centroid selection for the coordinate-system transformation. The selection of the centroid location has a direct effect on the magnitude of the polar strains and their distribution. In the principal strain method, the magnitude of the strain values (eigenvalues) is calculated through the eigenvalue decomposition and does not depend on the centroid selection. The centroid is later used to classify the principal strains into the radial and circumferential directions. Although the resulting classification in polar directions and the respective visualization of the classified principal strains depends on the selection of the centroid, the principal values and directions remain unaffected by it. The classified principal strains (figure 6) were less centroid sensitive than the polar strains (figure 5), since the only regions affected by the centroid selection were the border zones. In contrast, in the case of the polar strains the complete myocardial area was affected by the centroid selection, while the variation in the strain magnitude (figures 5(c), (f) and (i)) in some areas was as high as the absolute strain values, leading potentially to false diagnoses. The sensitivity of the classified principal strains in the border zones is explained by the misalignment between the principal and polar directions. Although principal strains have the inherent characteristic of angle and centroid independence, the interpretation of the myocardial deformation is not straightforward as shown in figures 2(c) and (d). In contrast, classified principal strains visualizing the maximum and minimum deformation in the physical ventricular coordinates were found to be a robust indicator of regional myocardial dysfunction, clearly differentiating between non-ischemic and ischemic regions as shown in figures 2(e) and (f). Hence, the complex deformation field in the ischemic myocardium as depicted in the Cartesian, polar and principal strain maps can be transformed to classified principal strain images in the radial and circumferential directions, easily understood and interpreted by the user for clinical diagnosis.
The observed strain patterns in our study for both the control and the ischemic cases demonstrated good agreement with global observations of myocardial strain distribution (McCulloch 2005) . In particular, for the control model, we found that the first principal strain component (positive, wall thickening) was along the radial direction, while the second component (negative, shortening) was along the circumferential direction. These principal directions remained largely homogenous across the wall and these findings were in agreement with the principal angles reported by other studies both in the canine (Waldman et al 1985) and the human heart (Cupps et al 2005 , Young et al 1994 . It is widely accepted that the diseased myocardium behaves as a passive viscoelastic material throughout the cardiac cycle, having lost the ability to generate contractile forces . Experimental studies conducted by Villarreal et al (1991) in dogs revealed that the patterns of systolic circumferential shortening and radial thickening of the control myocardium were converted to stretching and thinning in an ischemic LV, respectively. This trend was also observed in our results when comparing the classified principal strain patterns between the ischemic (figures 2(e) and (f)) and the control (figures 3(g) and (h)) models. Furthermore, we observed that the principal directions in the ischemic model (figures 2(e) and (f)) exhibit significant variation compared to the control model (figures 3(g) and (h)), especially at the border zone between ischemic and non-ischemic regions and this resulted in the presence of substantial shearing. This redistribution of the principal directions was also observed by Villarreal et al (1991) in the canine heart and supported the finding of substantially increased shear deformation.
The sensitivity of detecting regional dysfunction in the myocardium and assessing cardiac mechanical function is limited by the spatial resolution of the displacement and strain field maps relative to the size of the dysfunctional zone. In this case, spatial resolution denotes the smallest distance between two points that can be measured to have different displacements or strains. Therefore, no abnormal regions which are smaller in size than this characteristic value are detectable. Douglas et al (1990) used spherical heart models for a normal canine heart and estimated that a minimum 3 mm radial resolution was required to measure wall motion, while this resolution for the circumferential or longitudinal direction may be twice as high. In the diseased cardiac muscle, however, as shown in our analysis and in the literature, large variations in the strain distribution are observed so that a higher spatial resolution will be required to robustly detect abnormalities.
In a previous study by our group, we presented principal strain maps using our RF-based speckle-tracking techniques in a theoretical framework, which assessed the performance of myocardial elastography. This was achieved by utilizing an RF-based cross-correlation and recorrelation technique, based on a 2D ultrasonic image formation model and the 3D canine left-ventricular FEA models employed in this paper . The systolic principal strains of the equatorial model slice of the simulated ultrasonic images from ED to ES for both configurations were estimated using myocardial elastography. The mean absolute errors of the estimated principal strains (−25% to 25%) for the control case ranged from 1% to 3% strain, while those for the ischemic case from 2% to 4% strains. These results demonstrated that estimated principal strains in myocardial elastography have good agreement with the FEA strains, both qualitatively and quantitatively. Konofagou et al (2007) compared the principal strains in the simulated left-ventricular SA ultrasonic images with principal strains from healthy and pathological left ventricles. The in vivo results exhibited a positive first principal strain component (i.e., radial thickening) and a negative second principal strain component (i.e., circumferential shortening) with strain distribution comparable to the results presented in this paper and the in vivo 3D strains measured in the human heart using MRI tagging by Young et al (1994) .
Conclusion
The use of Cartesian strains in the imaging plane (i.e., axial/lateral) as a measure of LV wall contractility can be misleading as those strains may show significant variations with the transducer angle and sonographic view, due to misalignment of the image reference system with the ventricular geometry. This problem can be solved by calculating angleindependent strain measures such as the polar or principal strains. However, polar strains show significant variations in their strain distribution with a different centroid selection. Although principal strains are insensitive to operator-induced variations (sonication angle and centroid), interpretation of myocardial deformation based on them is, similar to the Cartesian strains, not straightforward. A significant improvement in interpretation of myocardial deformation can be obtained by classifying the principal strains into the radial and circumferential directions while their magnitude and directions remain centroid insensitive. Therefore, it was concluded that the use of classified principal strains in the radial and circumferential directions could be a robust measure to detect contractile dysfunction independent of the sonographic view or imaging planes used; substantially increasing, thus, the reliability of myocardial elastography in its clinical application.
